The contractile state of cardiac muscle cell is determined by the level of calcium in the cytosol. Each action potential produces a transient elevation of cytosolic calcium. The interaction of calcium ions with the contractile elements of the cell initiates a series of events which culminate in cell shortening. The process by which cell excitation is coupled to contraction involves the function of two distinct species of calcium-selective membrane ion channel; the L-type, dihydropyridine-sensitive calcium channel of the cell surface membrane or sarcolemma and the ryanodine-sensitive calcium-release channel of the sarcoplasmic reticulum intracellular membrane network. The aim of this article is to provide information on the properties of these channels and to discuss the mechanisms involved in the coordination of their function in the coupling of cardiac muscle cell excitation to contraction. (Eur Heart J 1997; 18 (Suppl A): A27-A35)
Introduction
The coupling of the excitation of a cardiac muscle cell to contraction cannot occur in the absence of extracellular calcium. This was first demonstrated to be the case for frog heart by Ringer in 1883 [l] and has subsequently been shown to be the case in mammalian cardiac preparations' 21 . On excitation, calcium ions enter the cell via dihydropyridine-sensitive calcium channels. In amphibian cardiac muscle cells this calcium influx is sufficient to raise cytosolic calcium to the level required to initiate contraction; however, in mammalian cardiac muscle cells calcium influx is insufficient to cause contraction. In these systems the bulk of the calcium that initiates contraction is released from an intracellular storage organelle named the sarcoplasmic reticulum or SR, via a process of calcium-induced calcium release (CICR)' 3>4] . In this article I will provide information on the functional properties of the cardiac dihydropyridinesensitive calcium channel and SR calcium-release channel and will discuss how the function of these two channels might be integrated in the mammalian cardiac muscle cell during excitation-contraction coupling.
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The pathway for calcium entry -the L-type, dihydropyridine-sensitive calcium channel
Although the sarcolemmal membranes of cardiac muscle cells contain more than one form of calcium-selective ion channel, the bulk of calcium influx into ventricular cells occurs via L-type, dihydropyridine-sensitive channels' (Fig. 1 ) are activated rapidly, with peak currents achieved within 2-10 ms depending on temperature and potential. During sustained depolarizations, calcium current declines due to time-dependent, voltage-dependent and calciumdependent inactivation processes' 51 . Calcium currents through L-type channels can be modified by several classes of clinically useful drugs. The most widely studied of these are the dihydropyridines, exemplified by nifedipine and nitrendipine, the phenylalkylamines such as verapamil and D 600, and the benzothiazepines such as diltiazem. Members of these three classes interact with separate, high affinity, allosterically-linked binding sites on the channel protein.
Globally, these compounds are often referred to as calcium channel blockers or calcium antagonists. Studies of the interaction of these drugs with single L-type calcium channels have revealed that they reduce calcium current by modulating the gating of the channel rather than by blocking current flow. They reduce the probability of channel opening rather than reduce calcium current flow through the open channel' 51 . Current flow through L-type calcium channels can also be modified through a variety of physiological pathways. The most clearly defined of these is the increase in calcium current associated with the interaction of agonists with /7-adrenergic receptors. The interaction of the agonist can enhance calcium current via two pathways with different time courses. The slower of these involves the stimulation of a membrane-bound GTP binding protein (Gs), which activates a membranebound adenylate cyclase to produce cyclic AMP. Cyclic AMP is released into the cytosol and stimulates the dissociation of the catalytic and regulatory subunits of soluble cyclic AMP-dependent protein kinase (protein kinase A). The catalytic subunit then catalyses the phosphorylation of the L-type calcium channel' 51 . The faster mechanism, which is thought to occur entirely within the sarcolemmal membrane, involves the direct interaction of Gs, released following the binding of the agonist to the /f-adrenergic receptor, with the calcium channel protein. The increased calcium current observed in the presence of /?-adrenergic receptor agonists stems from an increase in the probability of channel opening 151 .
The pathway for calcium release -the SR calcium-release channel or ryanodine receptor
As outlined above, calcium enters the mammalian cardiac muscle cell during each action potential. Whilst this influx of calcium is essential for the initiation of contraction, it is not, in itself, sufficient to raise the cytosolic calcium concentration to the level required to bring about contraction. The calcium signal is amplified by the release of additional calcium from a storage site, the SR. The SR is an entirely intracellular membrane network which surrounds the cell's contractile apparatus. It forms specialized structural features at regions of the cell where it comes into close apposition with the cell surface membrane or sarcolemma. The SR membrane network is a highly efficient calcium-handling organelle. The membrane system contains abundant ATP-driven calcium pumps. These play a major role in the maintenance of the resting cytosolic calcium concentration at a level below that needed to initiate contraction and at the same time establish a reservoir of stored calcium. The function of the cardiac muscle SR calcium pump can be regulated by various systems including the phosphorylation of a closely associated SR protein, phospholamban, which results in an increase in pump efficiency'
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. The capacity of the SR membrane network as a calcium store is enhanced by the presence of luminal calcium-binding proteins such as calsequestrin' 4 ' 891 . In mammalian myocardium the SR calcium accumulating apparatus provides the principal mechanism for the removal of calcium from the cytosol during relaxation.
In addition to the protein components necessary for calcium accumulation and storage, the SR membrane network contains the pathway for the regulated release of calcium from the store during excitation-contraction coupling. The pathway for calcium release has been identified as a high-conductance cation-selective channel. This is sometimes referred to as the ryanodine receptor-channel because the protein contains a high affinity binding site for this plant alkaloid' 10 "
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. The distribution of this channel is limited to the regions of the SR network which come into close contact with the sarcolemma.
The function of the SR calcium-release channel can be studied using a number of different experimental approaches. These include the measurement of calcium . In all cases the SR calcium-release pathway displays properties consistent with a role in a scheme for cardiac excitation-contraction coupling in which the calcium signal provided during the action potential is amplified by the release of stored calcium via a mechanism of CICR.
To illustrate the characteristics of the system I will cite work involving the monitoring of single-channel activity of reconstituted cardiac SR calcium-release channels (Fig. 2) . The primary activating ligand for the SR calcium-release channel is calcium acting at its cytosolic face. In the absence of other activating ligands, micromolar concentrations of calcium will induce channel opening and the probability of opening rises with increasing concentrations of activating calcium; increased open probability is achieved via an increase in the frequency of channel opening. However, calcium alone cannot fully activate the channel; under these conditions the probability of channel opening (Po) does not exceed 0-5 [17 -19] . The calcium-induced opening of the cardiac SR calcium-release can be modulated by a range of physiologically and pharmacologically important secondary ligands acting at distinct sites on the channel protein.
Magnesium appears to compete with calcium at the cytosolic binding site and reduces the probability of channel opening' 171 . Millimolar concentrations of ATP and non-hydrolyzable analogues of ATP act synergistically with calcium to produce very high open probabilities (Po=l) [20] . The degree of channel opening attained in the presence of cytosolic calcium and a secondary ligand such as ATP can be modulated by the concentration of calcium at the luminal side of the channel 12 ' 1 . Additionally, phosphorylation, mediated by a number of protein kinases [22~24] and direct effects of calmodulin may regulate the function of the cardiac muscle SR calcium-release channel 1 ' 4 ' 251 .
Of the pharmacologically important ligands, caffeine and structurally related compounds interact at a specific site on the cytosolic side of the channel protein, and in the presence of micromolar concentrations of cytosolic calcium, can fully activate the channel (Po= 1) [26 ' 27 '. Interestingly, therapeutic concentrations of cardiac glycosides, such as digoxin, have recently been shown to interact with and increase the open probability of the cardiac, but not the skeletal, isoform of the SR calcium-release channel'
281 . This action may contribute to the positive inotropic effect of this drug in cardiac muscle (see the recent review by Levi et al. l29] for a discussion of the complexity of cellular actions of the digitalis glycosides in the heart).
The SR calcium-release channel has also been identified as a target for potential mediators of cell injury under pathophysiological conditions such as reactive oxygen species and proteases 130 ' 3 ' 1 . 
Excitation-contraction coupling
In the preceding sections I have provided a very brief description of the properties of the sarcolemmal L-type calcium channel and the sarcoplasmic reticulum calcium-release channel. In this section of the article I will discuss how the function of these two populations of channel may be coordinated to link the excitation of a cardiac muscle cell (the action potential) to contraction. It is clear that the properties of the L-type calcium channel and the SR calcium-release channel equip the cardiac muscle cell with the apparatus required to amplify a calcium trigger to the extent necessary to induce contraction via CICR from the SR. However, the details of the mechanisms involved in the function of these channels and their relationship in excitationcontraction coupling remain areas of intensive research.
In cardiac muscle the release of calcium from the SR appears to be tightly coupled to both the size and the duration of the calcium current flowing through the sarcolemmal L-type calcium channel' 32 " 341 ( Fig. 3) . Put another way, the probability of the SR calcium-release Eur Heart J, Vol. 18, Suppl A 1997 channel being open appears to be determined by the calcium entering the cell via the L-type calcium channel. At first sight this observation appears to be at odds with calcium release via CICR. Intuitively one might expect that CICR would display positive feedback; calcium released from an SR calcium-release channel would itself activate the channel from which it was released and other channels in the SR membrane network. We might predict that this process would result in uncontrolled regenerative calcium release rather than the observed graded regulation of release by calcium current through the sarcolemmal L-type calcium channel. These issues have been addressed in considerable detail by Michael Stern' 35361 . Here I will discuss some of the general concepts that have emerged from these elegant studies. Based on mathematical modelling of CICR Stern has argued that, as might be predicted from a simplistic interpretation, it is not possible to construct a stable model of CICR which produces the required amplification and is controlled in a graded fashion by calcium influx via the L-type calcium channel if calcium is released from the SR into a common pool, i.e. a pool shared with other SR calcium-release channels.
A theoretical solution to this problem is provided by so-called 'local control' models. In the simplest of these models discussed by Stern each L-type calcium channel is assumed to exist in a pair with one SR calcium-release channel (Fig. 4) . It is further assumed that the two-channel proteins in the pair are located so that the calcium entering the cell via the L-type calcium channel has preferential access to its complimentary SR calcium-release channel and that each pair is separated from every other pair by enough distance to prevent interaction between the pairs, other than via the bulk cytosolic calcium. In this arrangement the SR calciumrelease channel would be induced to open, not by the calcium concentration in the bulk cytosol but by the local calcium concentration resulting from the opening of the L-type calcium channel. In such a system the concentrations of calcium needed to activate the SR calcium-release channel could be relatively high, compared to that present in the bulk cytosol, and this would reduce the likelihood of regenerative release.
As it stands, this system is still prone to positive feedback; although release of calcium from one SR calcium-release channel would not stimulate the opening of other release channels, it seems likely that it would continue to activate the channel from which it was released. The solution that Stern has proposed to overcome this problem reflects an inherent property of the SR calcium-release channel. As is the case with all channel protein molecules, the gating of the SR calciumrelease channel is stochastic; over a period of time in the presence of calcium (the activation ligand), records of single SR calcium-release channels consist of a series of random opening and closing events of differing duration. In other words, the channel will close spontaneously even in the presence of activating cytosolic calcium. If the level of activating cytosolic calcium is maintained, the SR calcium-release channel will be induced to open again; however, if the level of activating cytosolic calcium is reduced significantly, the channel will remain closed. We can then envisage a situation in which calcium influx through the L-type calcium channel ceases. Under these conditions, when the SR calcium-release channel closes, calcium in the local environment of the channel will diffuse away in a fraction of a millisecond. The signal for channel opening has been removed and the SR calcium-release channel remains closed. The SR calcium-release channel would then only be stimulated to re-open by the reintroduction of calcium via the L-type calcium channel. Stern has used a mathematical model based on this scheme. It simulates stable calcium release that varies with the duration and degree of depolarization of the sarcolemma in a similar fashion to the variation seen in L-type calcium current with these parameters.
The local control scheme outlined above provides a working description of the control of SR calcium-release by L-type calcium channel current. However, if each L-type calcium channel controls the gating of a single SR calcium-release channel, the amplification of the calcium signal is dependent upon the Eur Heart J, Vol. 18, Suppl A 1997 A cartoon depicting an equivalent scheme assuming local control of CICR during sustained influx of calcium through the L-type calcium channel in a cardiac muscle cell. In all cases it is assumed that calcium will diffuse away from the vicinity of the SR calcium-release channel to the bulk cytosol in a fraction of a millisecond. In the left panel the release channel is open and calcium flows into the cytosol. The middle panel represents the situation following the spontaneous closing of the release channel (see trace a). The local concentration of calcium at the cytosolic face of the release channel is maintained by calcium entry through the L-type calcium channel and so the release channel is re-opened (right panel), (c) Closing of the release channel due to stochastic attrition. In the presence of trigger calcium entering through the L-type calcium channel, the SR calcium-release channel will show normal random gating behaviour as seen in (a) and (b) (left panel). When the flow of trigger calcium is stopped (because the L-type calcium channel closes -middle panel) normal spontaneous closing of the release channel will now result in the cessation of calcium release from the SR until trigger calcium is re-introduced. It is important to remember that at all stages of this process calcium will diffuse away from the vicinity of the release channel in less than one millisecond. In the absence of trigger calcium influx through the L-type calcium channel, a random closing of the release channel lasting for tens of milliseconds (see (a)) will allow sufficient time for calcium at the cytosolic face of the release channel to fall to a level below that required to re-open the channel. relative conductance of the two systems. Single-channel measurements of the conductance of the two species of channel under ionic conditions approximating to those found in the cell certainly indicate that the SR calciumrelease channel has a considerably higher conductance than the L-type calcium channel (~2pA compared with 0-3pA)' 5 ' 371 ; however, this is not sufficient to produce the signal amplifications monitored in intact cells. Stern's solution to this problem involves modifying the stoichiometry between SR calcium-release channels and L-type calcium channels in his local control model; amplification is increased if each L-type calcium channel controls a cluster of SR calcium-release channels.
The essential features of this 'cluster bomb' model are as follows. Calcium-release channels are arranged in clusters in the cardiac SR membrane (e.g. each cluster could contain five channels) and each cluster is located in close apposition to an L-type calcium channel. Calcium-release channel opening is initiated by calcium entry via the L-type calcium channel and this in turn leads to the opening of other channels within the cluster due to regenerative recruitment. Intra-cluster release will not spread to other clusters if the clusters are far enough apart and if relatively high levels of activating calcium are required to open a release channel. Importantly, the model predicts that release of calcium from the SR membrane network can still be graded. Very brief or low amplitude depolarizations of the sarcolemma will not initiate release in all clusters. Increases in the duration or size of the depolarization will activate more L-type calcium channels and hence more clusters. The final feature of the cluster bomb model concerns the termination of calcium release. Stern suggests three mechanisms which may contribute to the cessation of calcium release from a cluster; calcium-dependent inactivation of the release channel, depletion of releasable calcium and stochastic attrition. This latter mechanism is based on the intrinsic gating properties of the release channel described above. In the cluster bomb model, calcium released from a channel within the cluster will stimulate the opening of other channels within the cluster. This is regenerative and release could continue in the absence of a sustained trigger from the L-type calcium channel. However, in clusters containing a small number of release channels, once the L-type calcium channel trigger has ceased, there is a definite probability that sufficient channels will close simultaneously to lower the local calcium to a level below that required to maintain channel opening. Under these conditions open release channels within the cluster will quickly close and the cluster will remain in this state until activated by the influx of external calcium.
As acknowledged by Stern' 361 these models, although complex, do not provide realistic quantitative descriptions of experimental observations; however, they have provided a very useful framework in which to set and discuss experimental data. In the final section of this article I will provide a brief review of structural and functional information, some of which has emerged since the formulation of local control models, which has contributed to our current image of cardiac excitationcontraction coupling.
The structural relationship between the L-type calcium channel and the SR calcium-release channel
The cluster bomb model for CICR requires that cardiac SR calcium-release channels are arranged in groups. Each group must be functionally separate from its neighbouring groups and must be closely associated with a sarcolemmal L-type calcium channel to form a functional release unit. Is there evidence to support this picture?
Recent studies employing double labelling immunofluorescence and laser confocal microscopy indicate that the L-type calcium channel and the SR calcium-release channel co-distribute in ventricular cells, occurring as transversely orientated punctate bands at 2 (im intervals along the entire muscle fibre' 381 . Images obtained using standard transmission electron microscopy have established that the sarcolemmal and SR membrane systems of mammalian ventricular muscle cells form structures termed dyads where the SR membrane network comes into apparent contact with sarcolemmal transverse-tubules. Similar structures are observed infrequently at points of contact between the SR membrane network and the surface sarcolemma. The inter-membrane space in both of these structures is occupied by so called 'feet' structures which have been identified as the cytoplasmic domain of the SR calciumrelease channel'
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. Freeze fracture studies of skeletal muscle cells have produced estimates of a stoichiometry of two SR calcium-release channels to one L-type calcium channel (or more precisely to one tetradic array of particles which has been interpreted as representing an L-type calcium channel 140411 ). No equivalent studies are available for cardiac muscle; however, indirect estimates of the stoichiometry of SR calcium-release channel and L-type calcium channel are available from ligand binding studies which indicate that the ratio of ryanodine binding sites to dihydropyridine binding sites is considerably greater in cardiac muscle than skeletal muscle' 42 '. These observations would be consistent with an arrangement in which one L-type calcium channel was associated with a group or cluster of SR calcium-release channels in the mammalian cardiac myocyte.
Calcium sparks
Recent developments have made possible the imaging of calcium indicators within cardiac muscle cells. This has provided important information on the spatial features and time course of variations in intracellular calcium (see the recent review by Niggli and Lipp' 43 ').
The term 'calcium spark' was introduced by Lederer and colleagues' 441 to describe spontaneous local increases in the concentration of intracellular calcium. These were observed in quiescent rat ventricular cardiac myocytes using laser scanning confocal microscopy together with the fluorescent calcium indicator fluo-3. Under these conditions a calcium spark did not activate additional sparks at other locations within the cell; however, an increase in the calcium load of the SR both increased the probability of seeing a spark and resulted in some sparks triggering propagated calcium waves within the cell. These authors initially suggested that sparks result from spontaneous openings of single SR calcium-release channels'
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. Subsequent investigations have led to the conclusion that sparks represent release from 'release units' composed of several SR calciumrelease channels. Limiting depolarization-induced calcium entry through the L-type calcium channel, either by termination of calcium current after a very brief period by further depolarization or by exposing cells to L-type calcium channel antagonists has established that, under these conditions, sparks are triggered by local calcium entry, that sparks occur at a limited number of different locations within the cell, that the sites of spark generation vary with each depolarization and that the evoked sparks are very similar to the spontaneous sparks observed in quiescent cells' 45^*81 . In addition, it has been demonstrated that the calcium release during a spark is maintained for a longer period than the duration of the calcium trigger and that the amplitude of evoked calcium sparks are independent of membrane potential. It is proposed that the large synchronous increase in cytosolic calcium induced by the normal activation of cardiac sarcolemmal L-type calcium channels, which leads to contraction, results from the summation of a large number of calcium sparks arising from independent release units' 451 . These concepts have been incorporated into a scheme for cardiac excitation-contraction coupling' 461 which shares many features with the cluster bomb model proposed by Stern' 35 ' 361 . As in the cluster bomb model, calcium entry through a single L-type calcium channel is thought to activate a group of SR calcium release channels. The activation of this release unit results in a calcium spark. The more L-type channels recruited by the depolarization the greater the probability of spark occurrence. The amount of calcium released in a spark is not dependent upon membrane potential. As in the cluster bomb model, the cessation of calcium release from the functional unit will depend upon the intrinsic gating of the SR calcium-release channel, including stochastic attrition.
According to Cannell et at, the overall amplification of the calcium trigger is achieved in two ways' 461 . Firstly, the quantity of calcium released per unit time from the release unit is considerably larger than the trigger calcium; this is because the single channel conductance of the SR calcium-release channel is considerably greater than the L-type calcium channel (see above) and because the release unit contains several release Calcium influx through the L-type channel activates release and the calcium signal is amplified as described in the text resulting in a 'spark'. When the supply of trigger calcium ceases, release from the SR stops due to the gating characteristics of the release channels in the cluster. Local control ensures that release from one unit does not activate neighbouring release units. Factors which increase the probability of L-type calcium channel opening will increase the probability of spark occurrence. The depolarization of the sarcolemma during an action potential will produce an increase in bulk cytosolic calcium and hence initiate contraction due to a high probability of L-type calcium channel opening and the summation of numerous sparks. channels and only one L-type channel. This phenomenon is termed 'analogue gain'. The second component of signal amplification results from the proposed mechanism for the cessation of calcium release. Following depolarization, the L-type channel will open, trigger calcium will enter the cell and then calcium entry will cease as the L-type channel inactivates. However, as outlined above, calcium release will continue to occur in the absence of trigger calcium due to positive feedback between the SR calcium-release channels within the release unit, which will result in regenerative release. The intrinsic gating mechanisms of the channels within the release unit will quickly switch off release; however, during the period between the cessation of the calcium trigger and the switching off of the release unit, calcium release will continue and will contribute to the overall amplification of the signal. Cannell et al. refer to this phenomenon as 'digital pulse stretching' 1461 .
Conclusion
The roles of the sarcolemmal L-type calcium channel and the SR calcium-release channel in mammalian cardiac muscle excitation-contraction coupling have been recognised for many years. There is a broad agreement that this process involves calcium signal amplification by calcium-induced calcium release from the SR. However, our understanding of this fundamental process is far from complete. In this article I have discussed some recent experimental data together with theoretical considerations which have contributed to our current understanding of how the function of these two species of channel may be integrated to produce controlled muscle function. These are summarised in Fig. 5 .
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